This paper presents the development of an underactuated compliant gripper using a biocompatible super elastic alloy, namely Nitinol. This gripper has two ngers with ve phalanges each and can be used as the end-eector of an endoscopic instrument.
Introduction
Surgery is one eld that has been revolutionized by the use of minimally invasive surgery (MIS). It has allowed operations to be conducted through incisions of a few millimeters, using thin, exible instruments with rigid end eectors [1] . Such procedures lead to shorter hospital stays, reduced costs, and less prominent scarring. In MIS, the development of end eectors that aid the surgeon by allowing a more eective grasp is highly desirable. This paper presents the development of an underactuated compliant gripper with better grasping capabilities.
This type of gripper has already been proposed in [2, 3] . The latter authors developed an underactuated compliant gripper using Nitinol (NiTi), but there are many substantive dierences between their approach and the one proposed in this paper. First, the gripper presented here is not an adaptation of a previous design, but a complete redesign with ve phalanges and a new transmission mechanism. Second, a nite element analysis (FEA) was done to evaluate and optimize the life of the gripper.
Finally, a sensitivity analysis was carried out to estimate the eect of manufacturing tolerances or aws on the theoretical performance of the gripper. It is a new development that has never been done with an underactuated or compliant gripper. Sensitivity analyses on underactuated grippers have been proposed in [4] , but they have focused on dierent aspects, namely the sensitivity of the performance of the nger due to variations in the joint torque ratio and compliance and not the impact of machining tolerances on performance as proposed in this paper. literature as far back as the 1970's [5] . The rst documented example is the SoftGripper [6] , which used pulleys and was driven by cables. Another example of underactuated robotic hands are the SARAH prototypes [7] which were driven by linkages.
The underactuated compliant gripper presented in this paper is made out of Nitinol, a biocompatible alloy ideal for use in surgical tools. The gripper is ultimately envisioned to be used in laparascopic surgery, functioning above the austenite nish temperature where it exhibits its super elastic behavior. During its intended use, it will be subject to cyclic strains, and thus having an estimation of its usable life is important. The device is expected to present low-cycle fatigue because of the stresses in the mechanism will be high enough for plastic deformation to occur [8] and therefore, a strain-life fatigue analysis is required.
Promising results have been reported when using compliant mechanisms in surgical tools, especially due to the joint-free design and the possibility of force feedback [1] .
Underactuated ngers have less actuators than degrees of freedom and rely on a transmission mechanism to distribute the input torque to the phalanges [5] . Underactuation aords interesting capabilities to the ngers, allowing them to envelope an object without using a complex and costly control architecture. They are the intermediate solution between
robotic hands for manipulation and simple grippers, as they take advantage of their shapeadaptation capability. They generally use elastic elements in the design of their driven joints.
The transmission mechanism is composed of suitable mechanical elements like tendons [6] , linkages [9] , gears [10] , etc., which distribute the actuation torque to the phalanx joints. The closing sequence of an underactuated nger is illustrated in Figure 1 , where the spring keeps the shape of the linkage until the rst phalanx of the nger makes contact with the object.
As the actuation link continues to rotate, the second phalanx separates from the mechanical Lionel Birglen MED-08-1038 3 P r e p r i n t o f a limit and the nger adapts itself to the object grasped. Figure 1 : Closing sequence of a two-phalanx underactuated nger [5] .
Drawing on the previous work of the authors [11, 5] , the transmission mechanism of the compliant gripper presented here has received close attention. Dierent architectures were tested, but given the material constraints (permissible stress, strain), fabrication constraints (minimum widths, etc), external loads, and desired performance, many of them had to be discarded. Furthermore, the analysis of the driving mechanism converting a linear input force into an input torque for the ngers was optimized separately to simplify the design process. In [11] , an introduction to the analysis of underactuated ngers is presented using a two-phalanx nger as an example. As the number of phalanges increases, the complexity of the analysis grows exponentially and the usable workspace dened by having all-positive contact forces might decrease drastically. P r e p r i n t o f a 
Joint Design
The gripper design starts with the robotic ngers. Their length was chosen to be close to the one from some common laparoscopic pincers [12] . Nitinol was chosen to constitute the gripper because of its biocompatibility and super elastic properties, allowing the joints to have a large range of motion and to be used in surgery without additional coating. A wire cut electrical discharge machining (EDM) process can be used to manufacture NiTi parts but it imposes a minimum joint thickness. In this case, to avoid performance issues like deformation of links outside of the joints or a reduced lifetime because of joints being too thin, the minimal joint thickness is set to 0.25 mm. The shape of the hinge joints is inspired by [13] . A corner-lleted exure hinge has very good compliance for single-axis use, both in the symmetric and non symmetric cases [14] . Both types of joint were modeled and optimized using a Design of Experiments method [15] with a FEM commercial software, where innite life was considered at approximately 10 3 exures as reported in the low-cycle fatigue data in [16] . The desired maximum rotation of the joints is 70
• . By using a lleted exure hinge, because it produces an acceptable lifetime for the device and by increasing the compliance of the joint, it reduces the force needed to drive the gripper.
However these theoretical results have to be taken with a grain of salt. Indeed, it has been reported that the EDM machining of NiTi alloys lead to a recast layer and microcracks which dramatically reduce life in fatigue [17] . Experiments have been done with test joints in Nitinol using the geometry illustrated in Fig. 2 and indeed, the actual life in fatigue of these joints ranged between a few dozens and 140 cycles. However, this can be improved by an appropriate post-treatment of the joints such as polishing or chemical etching [18, 19] .
According to the engineers from the company which has provided us with the NiTi sheet, this recast layer is approximately half a thousandth of an inch (13µm) thick, while a worst case value of 100µm is reported in the literature [18] . In the latter case, the removal of this recast layer should be taken into account and the joints should be expanded accordingly.
Using careful very ne polishing, the lifetime of the remaining test joints reached an average of 713 cycles, a signicant improvement since this material removal could not be controlled
Lionel Birglen MED-08-1038 6 P r e p r i n t o f a with a precision of half a thousanth of an inch (which might explains the discrepency with the theoretical value). This polishing should also be done as much as possible in the direction of the sheet ow since sanding perpendicular to the edges of the sheet (as well as ultrasonic cleaning) is reported to propagate microcracks. It should be noted that with the asymmetrical joint, the mechanical limit was not present in the test joints since it prevents polishing.
Underactuated Finger Design
Underactuated ngers can be analyzed as the connection of robotic ngers plus several differential mechanisms driving their joints which results in a self-adaptive capability [5] . A nger with ve phalanges was chosen in order to have a large adaptability and to reduce the rotation demanded from each individual joint, thereby increasing the lifetime of the device. The length of each phalanx was decided to be 5 mm and of each joint to be 1.4 mm long. These considerations bring the length of the nger (32 mm) in line with some common laparoscopic pincers. Regarding the driving mechanism, it is composed of a transmission mechanism distributing the actuation torque to the phalanges, and a base mechanism converting a linear force into the input torques for the ngers (cf. Figure 3 ). The objective of the transmission mechanism is to drive the nger as it grasps an object. It must continue to distribute force as each phalanx of the nger touches the object, losing a degree of freedom ) is a three-stage mechanism inspired by the work presented in [9] . It is a good compromise between a four-stage mechanism with a better deformation distribution, and the force required to drive the nger. The third and nal architecture is a modication of a ve-bar linkage with a four-bar linkage in the middle to decrease the range of motion required in the joints of the transmission mechanism of the former case.
The distribution of contact forces once an object has been contacted is much more relevant than the movement of the nger before the grasp [21] and is therefore the main concern in the design. A method to obtain the analytical expressions of the contact forces of underactuated ngers is presented in [5] and has been extended to compliant cases in [11] .
The Transmission and Jacobean matrices presented in these references are valuable tools static analysis which is preferable in the compliant case due to the complexity of the latter matrices. Taking into account ve contact forces, the following linear system is obtained:
where k is a vector containing the elastic torques generated by the compliance of the joints [11] , matrix G is obtained by combining the equations derived from the static equilibrium of the nger, and vector f contains the contact forces (f c = [
T ) and the internal forces of the mechanism (f i ), i.e.,
. . .
where k i is the stiness of the compliant joint associated with θ i [11] , and n is the number of Lionel Birglen MED-08-1038 9
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4 Optimization of the Transmission Mechanism
Introduction
The objective of this optimization procedure is to obtain the geometric parameters that will be used in the transmission mechanism of the ngers. These geometric parameters dene the performance of the gripper inside its workspace. Each joint has a range of motion of 45
• , lower than the designed limits of the joints to further increase the lifetime of the gripper.
Considering the large number of parameters to be taken into account, the optimization was done using a genetic algorithm (GA). Basic parameters for the latter were based on Dejong's settings [22] . The population size and the crossover fraction were further rened by a de- 
Grading function
When using an index to grade the performance of a transmission mechanism, the nger is optimized to perform well under a certain metric. If the optimization metric does not favor the desired usage, the resulting gripper will underperform. The rst attempt at optimizing this gripper had a global approach, where the resulting mechanism would perform well throughout the whole workspace. In reality, this method is not the best suited as it does not favor the most common cases, and thus, a localized approach was chosen by developing particular test cases or objects.
A grading or tness function assigns an index to each design. Given the geometric parameters and ve angles (θ 1 , . . . , θ 5 ) that dene a grasp, it evaluates the performance of the nger in this particular situation. First of all, this function requires the following conditions:
1. All contact forces are positive. This is required to have a stable grasp [23, 24] .
2. The torque acting on the last phalanx must not be negative.
3. The projection on the last phalanx of the intersection between both lines associated with the links attached to this last phalanx is inside the latter [7] .
4. When using a test object, the resultant force applied on this object pushes the latter towards the palm of the gripper.
A design passing all of the aforementioned tests is then graded using the following indices: value allowed. The lower the deformation, the higher the score:
2. Force multiplication: all the contact forces are added and divided by the input force (cf. Figure 4) . This index favors designs generating a force on the grasped object close to the input force:
3. Force isotropy: the standard deviation (σ) of the forces allows us to characterize the uniformity of the grasp; a smaller standard deviation indicates a uniform pressure of the nger. This rewards force-isotropic [20] designs and is desired in order to avoid large local forces on the object:
Finally, these indices are multiplied together to obtain a grade for the nger with the given parameters and position:
Optimization Process
Each set of geometric parameters (candidate) is evaluated with the grading function dened by eq. (7). Test objects were also chosen, considering that the gripper is believed to grasp objects with shapes close to a circle. Examples of these test cases are illustrated in Figure 5 .
In the optimization process, the radius of the circle representing an object being grasped ranges from 7 mm to 25.2 mm.
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Second, the candidate is further scrutinized by analyzing how well it would perform when only θ 1 and θ 5 are allowed to move (θ 2 = θ 3 = θ 4 = 0) which allows to test the grasping of an object when most of the nger is locked and rewards designs that allow the last phalanx to close even if the rest of the phalanges are immobile, e.g., when grasping a very large object.
Finally, it checks the proposed candidate over the whole workspace, dened by the angles
• ] with i = 1, . . . , 5, to insure that the deformation constraint is respected. The nal global grade of the candidate is composed of:
1. the average of the grades received by evaluating the candidate with the test objects (x T ).
2. the average of the grades received by evaluating the candidate when only θ 1 and θ 5 are allowed to change (x L ).
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Together, these elements are combined with dierent weights serving as the tness function of the GA:
The grading function dened above has many dierent local minima. Given that the probability of not nding the global minimum of this function is not negligible [25] , the GA was repeatedly run to collect various local minima and then compare the three architectures considered. Figure 6 shows a box plot of the results of the GA runs with the three dierent architectures where one can appreciate the large variation between results and the large number of outlier values which are better performing geometric parameters and thus more desirable targets. These results suggest a large sensibility of the optimization process to small changes in the geometric parameters. Statistics of the grades are shown in Table 1 . revolute joints must accommodate a very large range of motion which is impractical with the joint design proposed here. To give room to such movement, the joint lengths would have to be excessively large and become a possible point of failure for the nger. In conclusion, architecture 2 (cf. Figure 7) , having the highest average and performance score, was selected as the transmission mechanism. The geometric parameters of the nger are presented in Table 2 with reference to Figure Table 2 : Geometric parameters of the nger (mm).
Sensitivity Analysis
To ensure that the nger has an acceptable performance when manufactured, the eects of manufacturing tolerances on the design have to be analyzed. A factorial approach is used because it a statistically correct approach when dealing with many factors (i.e., the geometric parameters of the nger) and looking for possible interactions between them [15] .
The analysis of variance (ANOVA) [15] tests the eects of multiple factors on the mean of the grade; it subdivides the total variation into variation due to main factors, variation due to interacting factors, and variation due to error. This study assumes that the sample populations are normally distributed. There was only one repetition of the experiment since there is no external noise in the system as the results come from eq. (8) and only depend on the input parameters. In this study, the statistically signicant factors and interactions aecting the performance of the ngers due to manufacturing tolerances are determined using a 2 10 factorial design with two-level treatments. Subsequently, a 8-way ANOVA is carried out with the results. The high level of the factors was set to an increase of 0.2 mm or 2
• in the geometric parameters, and the low level was set to a reduction of 0.2 mm or 2
• , representing the tolerance of the EDM manufacturing process.
A normal probability plot of the residuals of the 8-way ANOVA is shown in Figure 8 . cally relevant interactions (p < 0.05). The p-value is the probability that the dierence between groups during the experiments happened by chance [26] . When it is lower than the signicance level, α = 0.05, the factor or interaction is considered to be statistically signicant. The large number of statistically signicant interactions leads us to conclude that the performance of the gripper will be very sensitive to manufacturing defects.
This result is in accordance with the sensitivity illustrated in the box plot of architecture 2 (cf. Figure 6) , where there is a set of geometric parameters which stands out and is far away from the mean. Finally, the results should be taken in context and remember that the global grading function (8) is limited in the sense that it returns a value of zero if any contact force is negative. In practice, this may not be disastrous to the performance of the nger as it will continue to adapt itself to the object. Ejection of the object is possible [5] but given the limited workspace imposed by the substantial number of phalanges, the criteria used to evaluate the ngers based on the contact forces is believed to be accurate. The driving mechanism converts a linear actuation force commonly used in MIS into input torques for both ngers. Furthermore, when grasping an asymmetrical object, it must transfer more torque to the nger that did not fully close, intending to bring the object towards the center of the palm. For example, if a nger lags behind the other during its closing motion, the driving mechanism has to direct more torque towards this nger. It should also maximize the torque delivered to the transmission mechanism. Finally, the deformation in its joints should also be minimized. This driving mechanism is modeled after a seesaw mechanism [27] . The mechanism is optimized taking into account the criteria mentioned before while also considering the size and machining constraints. As noted in [2] , for the mechanism to properly balance the output torques, the seesaw link (cf. Figure 9 ) should have the shape of a triangle with angle α greater than 180
• . The following index is used as the performance index: (9) when it is calculated over the whole mechanism workspace is used as the tness function of a GA again. This surface is illustrated in Figure 10 for the geometric parameters of the driving mechanism presented in Table 3 which correspond to the result of the optimization. Table 3 : Geometric parameters of the driving mechanism (mm). Finally, a relationship between the length of the nger and the palm reported in [28] was considered during this optimization. Taking the suggestions proposed along with size constraints, a 0.545 palm/nger ratio was chosen. The nger length being 32 mm (it includes ve phalanges and ve exural joints), the palm length is 17.5 mm. With the nger, driving and transmission mechanisms determined, a nal design is obtained, illustrated in Figure 11 and a prototype is shown in Figure 12 
Finite Element Simulation
A nite element simulation was done using a commercial FEM software to validate the nal design obtained. The software has a shape memory alloy (SMA) module which allows it to
give an accurate simulation of how an actual prototype would behave because it takes into consideration the super elastic properties of Nitinol. To the best of the authors' knowledge, it is the rst time that this is done with an underactuated compliant gripper. To compare and highlight the usefulness of Nitinol, the same simulations were performed using four other dierent materials: aluminum alloy, 316L stainless steel, polypropylene, and ABS plastic [29] .
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Results are illustrated in Figs. 13 and 14 . The results are promising and show that the gripper can envelope and secure dierent objects of various shapes. For the case shown in Figure 13 , the base of the gripper required a displacement of 7 mm and has a theoretical lifetime of 982 exures. It should be noted that the actual lifetime of the gripper also depends on the object(s) seized since each joint is dierently solicitated with dierent objects. The worst case scenario corresponds to an object where one joint is consistently fully rotated. Then, the lifetime of the gripper is equal to the lifetime of this joint as discussed in Section 2. The required force to grasp an object and the maximum Von Mises stress are reported in Table 4 . 5. Figure 5 : Examples of test objects used in the optimization.
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